We report on enhancing the photon-extraction efficiency (PEE) of deterministic quantum dot (QD) microlenses via anti-reflection (AR) coating. The AR-coating deposited on top of the curved microlens surface is composed of a thin layer of Ta 2 O 5 , and is found to effectively reduce back-reflection of light at the semiconductor-vacuum interface. A statistical analysis of spectroscopic data reveals, that the AR-coating improves the light out-coupling of respective microlenses by a factor of 1.57˘0.71, in quantitative agreement with numerical calculations. Taking the enhancement factor into account, we predict improved out-coupling of light with a PEE of up to 50%. The quantum nature of emission from QDs integrated into AR-coated microlenses is demonstrated via photon auto-correlation measurements revealing strong suppression of two-photon emission events with g (2) (0) = 0.05˘0.02. As such, these bright non-classical light sources are highly attractive with respect to applications in the field of quantum cryptography.
Introduction
Single self-assembled semiconductor quantum dots (QD) are of particular interest regarding quantum communication schemes [1] . They have been proposed to act as efficient quantum-light sources emitting indistinguishable [2] and entangled photons [3] , constituting essential building blocks towards the physical realization of quantum communication networks [4] . Recent experiments utilizing self-assembled QDs have demonstrated a record-high photon indistinguishability of 99.5% [5] , while a fidelity for polarization-entangled photon pairs of 88% has been achieved exploiting strain-tunable optoelectronic devices [6] . However, critical to such applications and to proceed towards multi-node quantum networks, is to combine the individual benefits, e.g., the purity of single-photon emission or the entangled-state fidelity, within a single device concept compatible with a high photon-extraction efficiency (PEE) and based on deterministic device processing. Huge progress has been achieved with respect to the realization of high PEEs in recent years by exploiting cavity quantum electrodynamics (cQED) effects in optically and electrically driven photonic microcavity structures to enhance the interaction between a QD and a light field via the Purcell-effect [7] [8] [9] [10] [11] . Drawbacks arising from the use of cQED effects, however, are the rather small spectral bandwidth, due to the required large Q-factors of the corresponding microcavities, as well as the need for highly sophisticated growth and processing techniques, often hindering a scalable device fabrication.
A well-known alternative technique to enhance the in-or out-coupling efficiency of light in various types of light emitting structures, which is also used in an industrial scale, is to apply anti-reflection (AR) coatings, which reduce parasitic reflections at material surfaces [12] . So far, AR-coatings have been used in solar cells [13] , light-emitting diodes [14] , single-photon detectors [15] and magnetic field imaging of an ensemble of nitrogen-vacancy centers in diamond [16] .
In this work, we present the application of an AR-coating in the field of nanophotonics by increasing the PEE of a single quantum emitter. In fact, we exploit the anti-reflective properties of a thin layer of Ta 2 O 5 evaporated onto the curved surface of deterministic single-QD microlenses. Further, by demonstrating triggered single-photon emission with high single-photon purity and a high PEE using this novel approach, we merge the excellent quantum optical properties of single artificial atoms with industrial-scale fabrication techniques.
Our device concept is based on monolithic microlenses precisely aligned (with 24 nm accuracy [17] ) to pre-registered single QDs, allowing for an increased PEE of single photons of up to 29% [18] and close to ideal quantum optical properties in terms of the multiphoton suppression and the photon indistinguishability [19] . An important advantage of the microlens concept is the broadband enhancement of the PEE (a bandwidth of~50 nm has been calculated via finite-element method (FEM) simulations). This appealing feature offers the possibility to boost not only the emission of single photons, but also of bicolored polarization-entangled photon-pairs from the biexciton-exciton (XX-X) radiative cascade of QDs with diminishing fine-structure splitting [3, 20] without the necessity for a complicated cavity structure. However, due to the refractive index contrast at the semiconductor-vacuum interface along the uncoated curved surface of the microlens, a significant portion of the incident light emitted by a quantum emitter is reflected back into the semiconductor, limiting the extraction-efficiency of the device. Considering a simplified model of a planar GaAs-vacuum interface and Fresnel's equations this amount is estimated to~30% of the incident light. In order to circumvent this issue, we apply an anti-reflective layer of Ta 2 O 5 to the QD microlens surface and provide a detailed statistical analysis of its impact with respect to the enhancement of the PEE and the quantum-optical properties.
Device Fabrication and Experimental Setup
To prove the impact of an AR-coating on the PEE of QDs integrated into microlenses, we utilize two different sample layouts. For a fundamental investigation of the AR-coating, we exploit a semiconductor structure with InGaAs QDs in the active layer grown on GaAs (001) substrate by means of metal-organic chemical vapor deposition. In the first step, 530 nm GaAs and 20 nm AlGaAs were deposited, followed by a 300 nm GaAs layer including a low-density layer of self-assembled Stranski-Krastanov InGaAs-QDs in the center. Next, again 20 nm AlGaAs were grown and finally capped by 230 nm of GaAs. To obtain maximum PEE in Sections 3.4 and 3.5 a second sample structure was grown. It includes a lower mirror based on a distributed Bragg reflector (DBR) consisting of 23 alternating λ/4-thick layers of AlGaAs (77.0 nm) and GaAs (65.7 nm). The DBR is followed by a GaAs spacer (65.0 nm), a low-density layer of Stranski-Krastanov self-assembled InGaAs-QDs, and a 400 nm thick GaAs capping layer [19] . This layout allows for the collection of QD-photons emitted into the lower hemisphere, thereby boosting the PEE of microlenses further.
The integration of pre-selected QDs into monolithic microlenses is based on three-dimensional (3D) in-situ electron-beam lithography (EBL) enabled by cathodoluminescence (CL) spectroscopy at cryogenic temperatures [21] . We utilize the EBL resist polymethyl-methacrylate (PMMA) which is spin-coated (thickness: 225 nm) onto the sample [22] . During the in-situ lithography process, the resist is gradually inverted by writing concentric circles with a carefully adjusted electron-dose centered at the positions of pre-selected QDs. Developing the resist at room temperature results in a 3D etch-mask of inverted, i.e., cross-linked, PMMA with hemispheric profiles. In the subsequent plasma-etching step this mask is directly transferred into the semiconductor material to form monolithic microlenses. More details on the fabrication process can be found in Ref. [19] .
In contrast to planar sample structures, for which total internal reflection limits the PEE to less than 1% [23] , the microlens design leads to significantly higher PEEs because of its curved surface. However, the device is still suffering from partial reflection at the semiconductor-vacuum interface. In order to reduce the associated detrimental back-reflection, a 110 nm thick λ/4 layer of Ta 2 O 5 was evaporated onto both sample structures via electron beam sputtering with 1 nm thickness accuracy. A schematic of the entire microlens structure is depicted in Figure 1a . To investigate the optical quality of AR-coated QD-microlenses and to evaluate their potential to act as bright quantum-light sources with enhanced PEE, we performed statistical spectroscopic studies using micro-photoluminescence (µPL) spectroscopy at 10 K. Single QDs were optically excited using a continuous wave (cw) diode laser emitting at a wavelength of 657 nm or alternatively a pulsed Ti:Sapphire laser (f = 80 MHz) at a wavelength of 840 nm operated in picosecond mode. Photoluminescence of single QD microlenses is collected by a microscope objective (numerical aperture (NA) = 0.4) and analyzed by a double-grating spectrometer (25 µeV spectral resolution) with an attached liquid-nitrogen-cooled Silicon-based charge-coupled-device camera. The non-classical photon-statistics of the QD emission is investigated via a fiber-based Hanbury-Brown and Twiss (HBT) setup with Silicon-based single-photon counting modules (SPCMs) with a combined timing resolution of 350 ps. The integration of pre-selected QDs into monolithic microlenses is based on three-dimensional (3D) in-situ electron-beam lithography (EBL) enabled by cathodoluminescence (CL) spectroscopy at cryogenic temperatures [21] . We utilize the EBL resist polymethyl-methacrylate (PMMA) which is spin-coated (thickness: 225 nm) onto the sample [22] . During the in-situ lithography process, the resist is gradually inverted by writing concentric circles with a carefully adjusted electron-dose centered at the positions of pre-selected QDs. Developing the resist at room temperature results in a 3D etch-mask of inverted, i.e., cross-linked, PMMA with hemispheric profiles. In the subsequent plasma-etching step this mask is directly transferred into the semiconductor material to form monolithic microlenses. More details on the fabrication process can be found in Ref. [19] .
In contrast to planar sample structures, for which total internal reflection limits the PEE to less than 1% [23] , the microlens design leads to significantly higher PEEs because of its curved surface. However, the device is still suffering from partial reflection at the semiconductor-vacuum interface. In order to reduce the associated detrimental back-reflection, a 110 nm thick λ/4 layer of Ta2O5 was evaporated onto both sample structures via electron beam sputtering with 1 nm thickness accuracy. A schematic of the entire microlens structure is depicted in Figure 1a . To investigate the optical quality of AR-coated QD-microlenses and to evaluate their potential to act as bright quantum-light sources with enhanced PEE, we performed statistical spectroscopic studies using micro-photoluminescence (µPL) spectroscopy at 10 K. Single QDs were optically excited using a continuous wave (cw) diode laser emitting at a wavelength of 657 nm or alternatively a pulsed Ti:Sapphire laser (f = 80 MHz) at a wavelength of 840 nm operated in picosecond mode. Photoluminescence of single QD microlenses is collected by a microscope objective (numerical aperture (NA) = 0.4) and analyzed by a double-grating spectrometer (25 µeV spectral resolution) with an attached liquid-nitrogen-cooled Silicon-based charge-coupled-device camera. The non-classical photon-statistics of the QD emission is investigated via a fiber-based Hanbury-Brown and Twiss (HBT) setup with Silicon-based single-photon counting modules (SPCMs) with a combined timing resolution of 350 ps. 
Methods and Materials

Deposition of Ta 2 O 5 onto the Microlens Surface
To reduce partial back reflection at the microlens surface resulting from the refractive index contrast between GaAs and vacuum, both samples were coated with a layer of a third material that fulfills the condition n coatingˆd = λ/4 with d being the thickness of the coating layer, n coating its refractive index and λ the wavelength of the photons. This discussion neglects the possible effect of the curved microlens surface which will be addressed in Section 3.3 dealing with numerical simulations. Optimum optical impedance matching requires n coating = (n vacuumˆnGaAs ) 1/2 = 1.88 [24] . Based on these considerations we deposited a thin film of d = 110 nm Ta 2 O 5, with a close to ideal refractive index of n Ta2O5 = 2.1 at 930 nm, onto the samples. We confirm the deposition of a homogeneous layer of Ta 2 O 5 even on the curved surface of the microlens (diameter of 2.4 µm) by scanning electron microscopy (SEM-) images (not shown here).
µPL Spectroscopy on AR-Coated Microlenses
We studied the impact of the AR-coating on the optical properties of deterministic QD-microlenses without backside mirror by µPL measurements at saturation pump power of the exciton. The latter ensures that we can rule out the influence of possibly different excitation efficiencies with and without AR-coating on the achieved PEE. To compare the integrated µPL intensities of single QDs, we fitted the exciton emission line (X) with a Lorentzian profile. The effect of the AR-coating on the PEE is quantified by the ratio of the corresponding emission intensity after and before deposition of Ta 2 O 5 . In the present case this ratio is I Int,Ratio,QD1 = 1.64˘0.04 and I Int,Ratio,QD2 = 2.22˘0.15, which clearly demonstrates the positive impact of AR-coating on the extraction efficiency of the QD-microlens. Interestingly, the absolute spectral position of the emission lines observed in Figure 1 is blue-shifted by 1.28 nm for QD1 and 0.08 nm for QD2 after applying the AR-coating. A spectral shift has been observed consistently for all investigated AR-coated QD-microlenses. Thus, we can exclude that the blue-shift has a purely random character related, e.g., to varying charge configurations in the vicinity of the QD. We assign it to a modified quantum confined Stark shift arising from a different configuration of charge states at the semiconductor surface with and without AR coating. These surface states pin the Fermi level and thereby create an electric field, which in turn alters the emission energy of the QDs via the Stark-effect. We exclude that this effect affects significantly the outcoupling enhancement due to an increased electron-hole wavefunction overlap as we observe no correlation between the spectral shifts and the integrated intensity ratios.
We confirm the results obtained in the exemplary cases above by performing a statistical spectroscopic investigation on 19 QD-microlenses, where each structure was studied within a one-to-one comparison before and after applying the AR-coating. Figure 2 illustrates the statistical analysis performed on the brightest emission line in each spectrum in histogram representation. Here, (a) depicts the ratio of the integrated intensities I Int,Ratio ; (b) the ratio of the saturation pump powers P Sat,Ratio and (c) the spectral shifts ∆λ. It reveals a mean value for the intensity ratio as high as I Int,Ratio " 1.57˘0.71.
This finding confirms, that the observed increase in detected µPL intensity of the QD is due to an effective reduction of reflections by the AR-coating, which enhances the PEE. For the saturation power ratio a mean value of P Int,Ratio = 0.42˘0.27 is extracted, implying that the AR-coating enhances on average also the excitation efficiency. The spectral shift is determined to ∆λ " (1.30˘0.84) nm. This finding confirms, that the observed increase in detected µPL intensity of the QD is due to an effective reduction of reflections by the AR-coating, which enhances the PEE. For the saturation power ratio a mean value of P , = 0.42 ± 0.27 is extracted, implying that the AR-coating enhances on average also the excitation efficiency. The spectral shift is determined to Δ = (1.30 ± 0.84) nm.
Simulation of Coated Microlenses Using Finite-Element Methods
Deeper insights into the outcoupling enhancement resulting from the AR-coating are obtained by performing numerical simulations of microlenses using a finite-element solver [25] . Here, a microlens structure was incorporated in a rotational symmetric (quasi two-dimensional) setting without backside reflector. Figure 3a 
Deeper insights into the outcoupling enhancement resulting from the AR-coating are obtained by performing numerical simulations of microlenses using a finite-element solver [25] . Here, a microlens structure was incorporated in a rotational symmetric (quasi two-dimensional) setting without backside reflector. Figure 3a This finding confirms, that the observed increase in detected µPL intensity of the QD is due to an effective reduction of reflections by the AR-coating, which enhances the PEE. For the saturation power ratio a mean value of P , = 0.42 ± 0.27 is extracted, implying that the AR-coating enhances on average also the excitation efficiency. The spectral shift is determined to Δ = (1.30 ± 0.84) nm.
PEE of AR-Coated Deterministic QD Microlenses with DBR
In addition to the bare lens design, we investigated the influence of a backside DBR on the outcoupling efficiency of AR-coated microlenses. Again, we performed a statistical µPL analysis of 14 QD-microlenses under saturation pump power of the exciton before and after applying the AR-coating. From the comparison we found a ratio of the integrated intensities of I Int,Ratio " 2.19˘1.34, a ratio of the saturation pump power of P Int,Ratio = 0.96˘0.44 and a spectral shift of ∆λ " (1.18˘0.65) nm. Besides the observation of a further increase in intensity as compared to Section 3.2, we are able to estimate the PEE for the given microlens structure. Taking the PEE of 25%-29% found for uncoated microlenses with backside DBR in Refs. [18, 19] using a microscope objective with NA of 0.4 and multiplying it with the integrated intensity ratio from above, we predict a PEE of up to 50% for the AR-coated microlenses with DBR. This enhancement of PEE clearly highlights the benefits of suitable AR-coatings for QD-based single-photon sources that normally suffer from Fresnel-reflections at the semiconductor-vacuum interface.
Triggered Single Photons from AR-Coated Deterministic QD Microlenses
The quantum nature of emission from an AR-coated QD microlens with DBR is investigated via measurements of the photon-autocorrelation function g (2) (τ) under pulsed non-resonant excitation at 840 nm. For this purpose the emission of the brightest QD state (X + ) was spectrally filtered by the monochromator and coupled into the HBT setup. Taking the combined detection rate of the SPCMs and the setup efficiency into account, we are able to deduce the photon flux F emitted into the first lens of the setup to F = (12.5˘0.6) MHz. The resulting coincidence histogram of g (2) (τ) is presented in Figure 4 . Triggered single-photon emission of the QD state is reflected in the strongly reduced number of coincidences at zero time delay (τ = 0). At finite time delay, coincidence maxima occur at a periodicity of 12.5 ns, corresponding to the 80 MHz pulse repetition rate of the Ti:Sapphire laser. To quantitatively evaluate the suppression of two-photon emission events, we fitted the experimental data with equidistant peaks, each represented by the convolution of a two-sided exponential function (decay time constant τ D = (0.83˘0.01) ns) with a Gaussian accounting for the HBT's timing resolution (350 ps). Assuming a constant area A of the pulses at finite time delay, g (2) (0) is expressed by the ratio A 0 /A, where A 0 corresponds to the zero-delay peak-area. The fitted model function (orange curve in Figure 4 ) reveals an antibunching value of g (2) (0) = 0.05˘0.02, which unambiguously proves the emission of triggered single photons of the AR-coating-enhanced emission of the QD-microlens. 
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Conclusion
In summary, we have demonstrated a bright single-photon source by applying an AR-coating to monolithic microlenses containing single InGaAs-QDs. Depositing a Ta 2 O 5 dielectric layer allows us to meet the λ/(4ˆn coating )-criterion to obtain destructive interference of the reflected rays. To our knowledge, this is the first demonstration of an AR-coated micro-structure surface in the single-quantum emitter regime reducing partial back reflections and thereby enhancing the PEE to an estimated value of 50%. This technique can be easily extended to an advanced coating design comprising graded-index stacked layers with gradually decreasing refractive index similar to surfaces covered with nanostructures to further optimize the optical impedance matching [14, 26] .
